The Shigella are recently emerged clones of Escherichia coli, which have independently adopted an intracellular pathogenic lifestyle. We examined the molecular evolutionary consequences of this niche specialization by comparing the normalized, directional frequency profiles of unique polymorphisms within 2,098 orthologues representing the intersection of five E. coli and four Shigella genomes. We note a surfeit of AT-enriching changes (GC/AT), transversions, and nonsynonymous changes in the Shigella genomes. By examining these differences within a temporal framework, we conclude that our results are consistent with relaxed or inefficient selection in Shigella owing to a reduced effective population size. Alternative interpretations, and the interesting exception of Shigella sonnei, are discussed. Finally, this analysis lends support to the view that nucleotide composition typically does not lie at mutational equilibrium but that selection plays a role in maintaining a higher GC content than would result solely from mutation bias. This argument sheds light on the enrichment of adenine and thymine in the genomes of bacterial endosymbionts where purifying selection is very weak.
Introduction
Eukaryotic hosts are a hub of bacterial ecology, adaptation, and molecular evolution. The advent of full genome sequencing has revealed striking pan-genomic footprints that directly reflect the intimacy and longevity of associations with eukaryotes. At the extreme are those ancient partnerships that have reached a ''point of no return,'' where mutual reliance between eukaryotic host and prokaryotic symbiont confines both to long-term coevolution. Such associations have evolved many times, with the most wellstudied examples being insect endosymbionts (Wernegreen 2002; Gil et al. 2004) , although the phenomenon is noted in a diverse range of hosts (e.g., Kuwahara et al. 2007; Moya et al. 2008) . Obligate endosymbionts are characterized by extreme genome degeneration (up to ;90% reduction in genome size in Buchnera aphidicola) and AT enrichment (over 80% A þ T content in Carsonella ruddii) (Moran and Mira 2001; Nakabachi et al. 2006) . Niche specialization and population bottlenecks (through maternal transmission) may lower the effective population size of these species, leaving them vulnerable to the accumulation of deleterious mutations through genetic drift (Moran and Plague 2004) . The effect may be amplified by increased mutation rates resulting from the loss of DNA repair genes (Wernegreen and Funk 2004) or by Muller's ratchet (Muller 1964) . A relaxation in selective constraints may also be relevant; fitness costs (such as those associated with large-scale gene loss) can be curbed by predictable conditions/resource availability, and a lack of competition/predation, within the host environment (Wernegreen and Moran 1999) .
Recently emerged obligatory pathogens have typically not undergone such extreme genome degeneration and AT enrichment but instead may show signs of gene loss (Wernegreen 2005) pseudogenization (Andersson et al. 1998; Brosch et al. 2000; Cole et al. 2001 ; Thomson et al. 2006) , the accumulation of insertion sequence elements (Jin et al. 2002; Moran and Plague 2004) and associated intragenomic rearrangements (Schneider et al. 2000; Parkhill et al. 2003; Rocha 2008) . Although there are many examples of adaptive genomic changes associated with host association (Arnold et al. 2007) , the role of reduced selection is also important. Patterns of single nucleotide polymorphisms (SNPs) reveal more subtle degenerative effects, including a decrease in codon bias (Rispe et al. 2004) or the thermal stability of 16s rRNA (Lambert and Moran 1998) . Host-associated bacteria also show a higher dN/dS ratio as compared with free-living relatives (Woolfit and Bromham 2003) , possibly reflecting the fact that nonsynonymous changes are more likely to be slightly deleterious (Mamirova et al. 2007 ). noted that dN/dS decreases over divergence time between closely related bacteria and interpreted this trend in terms of the gradual preferential purging of slightly deleterious (nonsynonymous) mutations. This effect has recently been noted in Mycobacterium avium (Turenne et al. 2008) , Salmonella typhi (Holt et al. 2008) , and the Rickettsia (Blanc et al. 2007 ). Rocha et al. also examined how the trajectory of this change over time is determined by effective population size (N e ) and the selective coefficient (s), consistent with the nearly neutral theory of evolution (Ohta 1973) .
Escherichia coli and Shigella present an excellent opportunity to study the very early molecular evolutionary consequences of an ecological shift to an intracellular niche. The Shigella are the causative agents of bacillary dysentery (shigellosis) and are specialized clones of E. coli rather than separate species (Lan et al. 2004) . They are unique among the enteric bacteria as they proliferate within the cell cytosol (Sansonetti and Phalipon 1999) . The shift to intracellular replication was facilitated by recent and independent acquisitions of the large pINV plasmid (Lan and Reeves 2002) and may have been accompanied by selective sweeps (reducing N e ) or relaxed selection (reducing s). For example, 7-12% of the Shigella genomes are composed of insertion sequences, compared with 1% of the E. coli MG1655 genome (Moran and Plague 2004; Yang et al. 2005) . Further, between 210 and 285 pseudogenes are noted in Shigella, compared with only 12 in E. coli MG1655 (Yang et al. 2005) . Although Lerat and Ochman (2004) noted far more pseudogenes in E. coli MG1655, they found an even higher number in Shigella flexneri. Hershberg et al. (2007) noted an accelerated rate of gene loss in Shigella compared with E. coli and cited reduced purifying selection as the cause. This result was confirmed by van Passel et al. (2008) who also noted that Shigella has lower rates of gene acquisition and are less likely to retain newly acquired genes.
Despite these studies, the evidence for reduced purifying selection in Shigella remains equivocal. It has been argued that gene silencing in Shigella represents a ''pathoadaptation,'' meaning that expression of certain genes is deleterious within the intracellular niche (Maurelli 2007; Prunier et al. 2007 ). Heightened diversifying (positive) selection from the host immune response has been cited as a major evolutionary force (Wirth et al. 2006) , and changes in mutational pressure in the intracellular environment may also play a role (Rocha and Danchin 2002) . This uncertainty in part reflects the short time period since the ecological shifts in Shigella occurred, meaning that the resulting molecular footprints are likely to be subtle. In contrast to the extreme examples of the insect endosymbionts, genome size (;4.5 Mbp) and GC content (;51%) are only slightly different between E. coli and Shigella. The latter is unsurprising as it has been estimated that a 1% change in GC content takes approximately 3 My (Haywood-Farmer and Otto 2003) , and the first Shigella clones acquired the pINV plasmid under 300,000 years ago (Pupo et al. 2000; Lan and Reeves 2002) .
Here, we investigate the molecular evolutionary consequences of the recent adaptation to an intracellular niche by Shigella spp. by comparing the full directional polymorphism frequency profiles within five E. coli and four Shigella genomes. Focusing on changes in the frequency of polymorphisms, rather than on extant base composition or genome size (the long-term consequences of these changes), provides the sensitivity required to detect changes at the initial stages of genome degradation. We use principal components analysis to detect a surfeit of AT-enriching polymorphisms and transversions in Shigella and confirm a higher proportion of nonsynonymous changes in these clones. The relative frequency of these polymorphism types decreases over time, which is consistent with them being slightly more deleterious than their counterparts and thus preferentially purged by selection. We conclude that the differences in Shigella reflect reduced purifying selection as a consequence of niche specialization. We also discuss the interesting exception of S. sonnei, which appears more similar to E. coli than to the other Shigella. Finally, we note the broader implications of the view that the nucleotide composition of bacterial genomes is typically closer to a selective, rather than mutational, equilibrium.
Methods

Genome Alignments
We used five E. coli and four Shigella genome sequences in this analysis (table 1) . A preliminary set of orthologues present in all nine genomes was compiled as reciprocal best hits using global alignments, showing .40% similarity in amino acid sequence and ,20% difference in length, as described previously (Rocha 2003) . This list was then refined by considering gene order; genes outside blocks of conserved synteny were omitted as these are more likely to be false orthologues. Information concerning synteny was also used to establish a lower limit of acceptable similarity between orthologues (.80% similarity). Orthologues in the final, conservative, list were then aligned by protein sequence using ClustalW (Thompson et al. 1994) and then back translated to the original DNA sequence.
Phylogenetic Analysis
The Neighbor-Joining tree was generated from the concatenated sequences of the aligned orthologues using the Molecular Evolutionary Genetic Analysis (''MEGA'') software package, version 4.0 (Kumar et al. 2004 ). The Kimura-2-Parameter model was used, and no among-site rate variation was assumed. The topology of the tree was checked against the 50% majority rule consensus of 50 Bayesian trees reconstructed from randomly distributed 20 kbp segments of the alignment and from 50 trees from equally distributed 20 kbp segments, using ''MrBayes'' software version 3.1 (Ronquist and Huelsenbeck 2003) . The likelihood settings used were nucmodel 5 4by4 (four nucleotide states allowed to change); nst 5 6 (general time reversible model), rates 5 invgamma (rate variation drawn from a gamma distribution with a proportion of sites invariable), and the chains were run for 100,000 generations.
Estimating Polymorphism Frequency Profiles
In order to compare the recent (lineage-specific) mutational events within each of the genomes, we identified every unique polymorphism at otherwise monomorphic sites. Polarization of events (e.g., X/Y or Y/X) was achieved parsimoniously by assigning the unique singleton state as derived. This approach has been used previously and was noted to be highly consistent with a maximum likelihood approach (as implemented in PAML; Yang 1997) over the very short divergence times considered .
The frequencies of each polymorphism type were then calculated by dividing the absolute count by the number of sites corresponding to the original base (Gojobori et al. 1982) . For example, the frequency of C/T transitions in genome X was calculated in two stages: First, the number of sites in which a T was observed in genome X but a C in all other genomes was counted (i.e., the number of C/T changes in X). This count was divided by the total number of Cs in genome X, to give the frequency of C/T changes. The frequencies of all 12 polymorphism types were then normalized to 1 so as to give each type as a proportion of all polymorphisms in a given genome, allowing for unequal base frequencies. Two ratios were calculated from this polymorphism profile: 1) The sum of the normalized frequencies of the AT/GC polymorphisms, over the sum of the normalized frequencies of GC/AT polymorphisms (þGC/þAT) (ignoring those polymorphisms that are GC neutral) and 2) the sum of the normalized frequencies of the transversions (C4A þ C4G þT4A þ T4G) over the sum of the normalized frequencies of the transitions (C4T þ A4G); (Tv/Ti). The analyses were repeated for 4-fold degenerate sites, and all other sites, separately by considering only the base frequencies within the respective data subsets.
Internal Branch Estimation
The procedure described above was carried out by comparing all nine genomes in turn with all the other eight genomes (terminal branches). The polymorphism profiles were also estimated for five internal branches by employing a simple method of terminal branch subtraction. For a tree of the form (A (B(C,D) )), the total number of each polymorphism type for the two terminal branches leading to genomes C and D is calculated as described above. The profile for the branch leading to the internal node (C,D) is then estimated by first removing genome C and then recounting the number of each polymorphism type along the newly lengthened terminal branch to D. From these counts, we subtract the counts of the original terminal branch leading to D (which includes C), to leave the totals for just the internal branch, from which the frequencies are calculated. The procedure is repeated by removing the other terminal branch (in this case D), and finally the frequencies are averaged. The profiles for more basal internal branches were estimated by the successive removal of taxa. This methodology was also checked against the maximum likelihood approach for the reconstruction of sequences at internal nodes as implemented in PAML (Yang 1997) .
Estimating the Time Associated with Each Polymorphism Profile
For the terminal branches the ''divergence time'' associated with each profile was simply taken as the total number of SNPs from the midpoint of the branch to the present (i.e., the total number of SNPs in the branch divided by 2). For the internal branches, the procedure was as follows. Following the example above, if Y 5 the original total number of SNPs in the terminal branch leading to C (including D) and Z 5 the total number of SNPs in this branch when D is removed (such that Z . Y), then the midpoint (divergence time) of the internal branch is given by Y þ 0.5(Z À Y). As before, the final figure used is an average from the removal of each of the two terminal branches. Put another way, the divergence time (i.e., the median ''age'' of the polymorphisms) for the internal branches was estimated as the half the (average) number of SNPs on the internal branch plus the (average) number of SNPs from the last node to the present. Finally, the log transformation of the estimates was used to linearize the data ).
Calculation of dN/dS
As an additional check, we also plotted the change in dN/dS ratio against divergence time, estimated as described above. This was achieved by reverting all the unique SNPs back to their assigned ancestral states (i.e., ''undoing'' all the mutations), and then calculating the dN/dS ratio based on the real data and the inferred ancestral sequence using MEGA 4.0 (Kumar et al. 2004 ) using the Nei-Gojobori model (Nei and Gojobori 1986 ) with a Jukes-Cantor correction. We have previously checked that at these phylogenetic distances maximum likelihood methods give similar results but at a much higher computational cost and confirmed that the results were very similar when different models were used.
Statistical Analysis
Regression and Principal Component analyses were carried out using Minitab v15 (Minitab Ltd.). The frequency of segregating polymorphisms was calculated using DnaSP 4.0 (Rozas et al. 2003) .
Results
Phylogenetic Analysis
Using the conservative criteria described in Methods, we identified 2,098 orthologues common to all five E. coli and all four Shigella genomes (table 1). The concatenated sequences of these genes were used to produce a NeighborJoining tree ( fig. 1) . Three of the Shigella genomes, -Neighbor-Joining Tree of 2,098 concatenated orthologous genes (;2 Mb) for nine genomes (using the kimura-2-parameter model, assuming no among-site rate variation). Species and strain codes (underlined) are given. The internal labels show the branches used in the internal branch analysis. Bootstrap support for all nodes was 100% (data not shown).
S. sonnei, Shigella boydii, and S. flexneri cluster on this tree, whereas Shigella dysenteriae clusters away from the other Shigella and with the E. coli 0157:H7 (sakai) genome. Although the size of the complete alignment (;2 Mb) precluded the use of more sophisticated phylogenetic methods, we are very confident this tree is topologically accurate. First, it is based on ;2 Mb of data and all nodes are supported by 100% of bootstrap replicates (data not shown). Second, this tree is entirely consistent with four previously proposed phylogenies (Konstantinidis et al. 2006; Hershberg et al. 2007; Yang et al. 2007; van Passel et al. 2008) . Third, the topology of this tree is consistent with 50% majority rule consensus trees of 2 samples of 50 Bayesian trees (each reconstructed using 20 kbp of the alignment). The first sample of 50 segments was distributed equally throughout the alignment; the second 50 segments were randomly distributed (see Methods).
The Frequency Distribution of Segregating Polymorphisms
In order to gauge the magnitude of any possible biases resulting from our polarization procedure (Goldstein and Pollock 2006) , we calculated the proportion of polymorphic sites in the alignment that are single unique mutations at otherwise monomorphic (invariant) sites and hence met our conservative criteria for inclusion in the analysis. Of the 2,054,139 nucleotide sites in the concatenated alignment, 1,910,809 (93%) were monomorphic. Of the 119,199 polymorphic sites, 56,278 (47%) were unique changes at otherwise monomorphic sites (singleton, twovariant sites) and were included in the analysis. A further 58,716 (49%) sites were two-variant parsimony informative sites (e.g., where each variant is represented by more than one sequence). As only 3.5% of the polymorphic sites exhibited more than two variants (multiple changes at a single site), we are confident that we are not biasing the data toward slowly evolving sites but are simply selecting the ;50% of polymorphic sites that happen to have changed relatively recently (e.g., since the last node). Consistent with a previous intraspecies analysis (Rocha, Touchon, and Feil 2006) , we conclude there are essentially no complications resulting from multiple substitutions.
Principal Components Analysis of the Polymorphism Frequency Profiles
The normalized frequencies of each of the 12 directional polymorphism types for the nine terminal and five internal branches are given in table S1 (Supplementary Material online). As expected (Kimura 1980) , transitions heavily outnumber transversions (overall average 5 5.5:1), and AT-enriching polymorphisms outnumber GC-enriching polymorphisms (overall average 5 2.1:1). This latter bias is commonly regarded as a universal consequence of the mutational process and is at least partly due to the rapid deamination of cytosine leading to C/T changes (Ochman 2003; Rocha, Touchon, and Feil 2006) .
We used principal components analysis in order to identify those polymorphism types contributing most to the variation between the frequency profiles and to what extent this variation distinguishes between E. coli and Shigella. Principal Component 1 (PC1) explained 43% of the total variation and is strongly positive in Shigella (particularly S. boydii and S. flexneri), whereas weakly positive in E. coli (in the case of 042; Ec(d)) strongly negative) ( fig. 2 ; table 3). We quantified to what extent each principal component distinguishes between Shigella and E. coli by computing the absolute difference between the mean score for Shigella and the mean score for E. coli. According to the binomial coefficient, there are 126 unique ways of dividing the nine taxa into subsets of four and five, and we gauged the significance of the observed differences between E. coli and Shigella against the mean and maximum of all possible combinations. For PC1, the difference between the E. coli and Shigella means was 2.7, which corresponds to the maximum difference (there is no overlap in scores between the two subsets). For PCs 2-4, which together account for a further 44.3% of the variation, the difference between Shigella and E. coli is less than the mean differences from all possible combinations ( fig. 3) , whereas PCs 5-7 together account for only 10% of the total variation. The differences between Shigella and E. coli are therefore largely captured in PC1.
Figure 2 also shows considerable variation in PC1 score within the E. coli and Shigella genomes. Noting that the strongly negative score for 042 (Ec(d)) coincides with a very long branch ( fig. 1) , we examined the relationship between divergence time (calculated as described in Methods) and PC1. Figure 4A reveals a significant decrease in PC1 score over time (adj R 2 5 0.73, P , 0.001, including the five internal branches). This demonstrates that the relative frequencies of the 12 polymorphism types are not static but change over time in a predictable way in different genomes, that is, some polymorphism types consistently get rarer and others consistently get more common. Even when controlling for this effect, S. boydii, S. flexneri, and S. dysenteriae appear to remain distinct from E. coli as they lie above the regression line. This is not the case for S. sonnei, for which the positive PC1 score is explained by the short branch. This plot also confirms that the strongly negative PC1 score for 042 (Ec(d)) is explained by the long branch. Figure 4A is strikingly similar to the decrease in dN/dS over divergence time resulting from the preferential selective purging of nonsynonymous changes (adj R 2 5 0.42, P , 0.01; fig. 4B ; table 3) Balbi and Feil 2007) . Figure 4B confirms the high dN/dS ratio in S. dysenteriae, S. flexneri, and S. boydii (Hershberg et al. 2007 ) but importantly also shows that S. sonnei is intermediate between E. coli and the other Shigella, once divergence time is taken into account. The similarity of fig. 4A and B points to purifying selection preferentially removing slightly deleterious polymorphisms types over time in both cases. None of the other principal components show a significant time dependence, and only PC1 significantly covaries with dN/dS (adj R 2 5 0.74, P , 0.001; plot not shown). We therefore examined the weightings of each input variable (polymorphism type) to PC1 to further dissect the effects of divergence time and the differences between E. coli and Shigella (table 2). The four most positively weighted input variables in PC1 are the AT-enriching types (C/G/A/T), whereas the two GC-enriching transitions (A/G and T/C) are the most negatively weighted. Table 2 also confirms that the most negatively weighted polymorphism types are relatively more common in E. coli and vice versa. The significant decrease in PC1 over time suggests that the most negatively weighted polymorphisms are among the least likely to be selectively purged. Comparisons of the combined weights of AT-enriching versus GC-enriching changes (1.4 vs. À0.7) and transitions and transversions (0.97 vs. À0.13) suggest that both the variation in PC1 and the difference between Shigella and E. coli are neatly captured by the ratios GC/AT/AT/GC (hereafter þAT/þGC) and Tv/Ti (table 2). The use of these two ratios has other advantages; transitions and transversions are reversible; hence, the Tv/Ti ratio is robust to any possible methodological artefacts resulting from the polarization procedure, and is also independent of þAT/þGC.
Frequencies of Polymorphism Types Over Time
We calculated the þAT/þGC and Tv/Ti ratios for the nine genomes and five internal branches as described in Methods. In order to address possible nonindependence with dN/dS, we analyzed 4-fold degenerate sites and all other sites separately (see Methods). Although this approach does not exclude all synonymous changes within the ''all other sites'' category (2-and 3-fold degenerate sites remain), it avoids the introduction of bias as all polymorphism types are excluded equally (i.e., 4-fold degenerate sites account for all 12 types). We checked the ratios for the five internal branches, by recalculating these on the basis of reconstructed sequences using the maximum likelihood approach implemented in PAML (Yang 1997) . The high consistency of these estimates (all sites considered; table S2, Supplementary Material online) justified the continued use of the terminal-branch subtraction procedure. Table 3 gives both ratios for the nine genomes and five internal branches at 4-fold degenerate sites and at all other sites. Figure 5A -D shows the regression analyses for the Tv/Ti and þAT/þGC ratios in 4-fold degenerate sites and all other sites, against the log transformed divergence time. For Tv/Ti, we note a significant decrease over 
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FIG. 3.-For each principal component, we found the absolute difference between the mean score for all Shigella genomes and the mean score for all Escherichia coli genomes (black circles). The observed differences were gauged against the mean differences for all 126 combinations of four and five genomes (white circles). The observed and mean randomized differences were plotted against the total amount of variation explained by each component. PC1 both explains by far the largest proportion of variation and shows the maximum difference between E. coli and Shigella (i.e., there is no overlap in the scores). PCs 2-4 show less difference between E. coli and Shigella than the mean of all possible combinations, and PCs 5-7 explain only ;10% of the total variation. NOTE.-The polymorphism types are sorted in ascending order, and the ratio of the frequencies of each type (E. coli/Shigella) is shown. The two most strongly negative types are the GC-enriching transitions (G/C and A/G), which are also noted at a higher frequency in the E. coli genomes. In contrast, the four ATenriching polymorphisms are the most positively weighted and, with the exception of C/T, these are proportionately more frequent in Shigella. The summed weights for all AT-enriching and GC-enriching changes are given, as well as the summed weights for transversions (Tv) and transitions (Ti). This confirms that AT-enriching changes and transversions are more positively weighted than their counterparts. The corresponding ratios (E. coli/Shigella) also shows that these changes are relatively more frequent in the Shigella. The final column gives the mean normalized frequencies (based on the nine genomes) of all 12 polymorphism types. The PC1 scores for each genome (and internal branches) are given in table 3.
time when 4-fold degenerate sites are excluded (adj R 2 5 0.39, P , 0.001) but no significant trend when only 4-fold degenerate sites are considered (adj R 2 5 0.0, P . 0.05). In contrast, we note a significant decrease over time in the þAT/þGC ratio when 4-fold degenerate sites are excluded (adj R 2 5 0.77, P , 0.001) and at 4-fold degenerate sites only (adj R 2 5 0.67, P , 0.001). Interpreting these results from a perspective of the gradual removal over time of slightly deleterious mutations, we conclude the following: First, when 4-fold degenerate sites are excluded, transversions are slightly deleterious relative to transitions. Second, transversions and transitions at 4-fold degenerate sites are selective equivalents, suggesting the former trend is not independent of the decrease in dN/dS over time. Third, there is a relative selective cost of ATenriching changes, and this applies approximately equally to synonymous and nonsynonymous sites. Figure 5A , C, and D shows higher values of þAT/þ GC and Tv/Ti for a given evolutionary distance among Shigella. To clarify this point, we plotted the residuals of the two regressions at 4-fold degenerate sites and non-4-fold degenerate sites ( fig. 6A and B) . This shows a clear separation of S. flexneri, S. dysenteriae, and S. boydii on the Tv/Ti and þAT/þGC axes when 4-fold degenerate sites are excluded and for the þAT/þGC axis when only 4-fold degenerate sites are considered. For all three cases of significant time dependence, S. flexneri is most distinct; S. boydii and S. dysenteriae are similar yet distinct from E. coli; and S. sonnei is more similar to E. coli than to the other Shigella. The same trends were noted in the regression plots for PC1 and dN/dS ( fig. 4A and B) .
þAT/þGC at 4-fold degenerate sites is very likely to be causally independent of dN/dS, although our results suggest that both covary with divergence time. We therefore examined the relationship between these two ratios directly, given in table 3, as a further check against any undetected methodological bias. Figure 7 shows that the relationship between þAT/þGC at 4-fold degenerate sites and dN/dS closely fits a power law (adj R 2 5 0.83, P , 0.001) when all nine terminal and five internal branches are considered and remains highly significant even when the internal branches are excluded (adj R 2 5 0.86, P , 0.001; plot not shown). Such a close relationship is difficult to explain other than invoking a third parameter (divergence time) that impacts on both ratios.
Discussion
We have previously shown that the dN/dS ratio, frequently used to compare the strength and direction of selection, is not static but decreases over time due to the gradual selective purging of slightly deleterious Scores for all nine genomes and five internal branches against log Divergence Time. PC1 scores significantly decrease over timer (adj R 2 5 0.73, P , 0.001). Three Shigella genomes (Sb, Sd, and Sf) fall above the regression line, consistent with positive PC1 scores. The PC1 score for S. sonnei is more similar to those for E. coli, once divergence time is taken into account. The strongly negative score for E. coli 042 (Ec(d)) is accounted for by the long divergence time, as this appears to closely follow the linear trajectory for the other E. coli genomes. (B) Plot of dN/dS ratio for internal and terminal branches, against log Divergence Time. A significant decrease in dN/dS is noted over time (adj R 2 5 0.42, P , 0.01), consistent with previous analyses Balbi and Feil 2007) . The plot is very similar to figure 4, in that the same three Shigella genomes (Sb, Sd, and Sf) fall above the regression line, reflecting a high dN/dS ratio. Shigella sonnei appears to occupy a position intermediate between E. coli and the other Shigellae. (nonsynonymous) mutations . The trajectory of this slope is determined by the strength of purifying selection, which will in turn depend upon both the selective coefficient (s) and the effective population size (N e ) (Ohta 1973; . Here, we have extended this framework to investigate the change in frequency of different polymorphism types over time and whether this can be used to detect the early footprints of reduced purifying selection in Shigella relative to E. coli. Principal components analysis was used to extract two ratios that together capture much of the variation in polymorphism frequency profiles: þAT/þGC and Tv/Ti. We show that there are two distinct forces impacting on the variation of these ratios between genomes. The first is divergence time or the median age of polymorphisms. When 4-fold degenerate sites are excluded, both þAT/þGC and Tv/Ti significantly decrease over time, consistent with the preferential removal by selection of AT-enriching polymorphisms and transversions. The second is the strength of selection, as a consequence of population size or adaptive constraints. Our results are consistent with weaker purifying selection in S. flexneri, S. dysenteriae, and S. boydii, relative to E. coli, but no clear differences are apparent for S. sonnei. As these differences in selection add noise to the time-dependent regression analyses, we argue that in the absence of these population differences, even more striking temporal changes should be apparent. Finally, it is notable that both temporal trends and differences between Shigella and E. coli were apparent for þAT/þGC even when only 4-fold degenerate sites were considered. This strongly suggests that purifying selection is not only operating on the level of amino acid changes.
Although we have interpreted our findings within the context of reduced purifying selection over time, a number of alternative explanations could be raised. First, the high dN/dS ratio in Shigella might reflect positive diversifying selection owing to increased pressure from the host immune response (Wirth et al. 2006) or from phage or other bacteria (Petersen et al. 2007) . We note that the heightened dN/dS ratio in the three Shigella clones is no more pronounced for genes associated with the outer membrane than for other genes ( fig. S1, 2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 suggesting that diversifying selection is not the primary cause of the difference. Hershberg et al. argued that weakened purifying selection is the main source of a high dN/dS in Shigella (Hershberg et al. 2007) , and a recent analysis of 19 genomes of S. typhi, which represents another example of a recently evolved obligate human pathogen, noted surprisingly little evidence of adaptive selection (Holt et al. 2008 ). This position is also consistent with previous observations challenging the link between high mutation and recombination rates and the acquisition of pathoadaptive traits (Matic et al. 1997; Denamur et al. 2005) . It is possible that the differences in Shigella reflect hypermutability due to an impaired ability to repair DNA. Previous work has shown that the Shigella genome sequences exhibit a complete repertoire of repair genes involved in homologous recombination relative to E. coli (Rocha et al. 2005) . We further checked for the presence of a previously defined list of 72 stress response related genes in E. coli (Rocha, Matic, and Taddei 2002) , which specifically includes genes directly implicated in DNA repair and hypermutation (table S4, Supplementary Material online). All 72 genes were present except for ung, which contains a stop codon near the C-terminus in the strain S. flexneri 2a_301. This gene codes for uracil DNA glycosylase that removes uracyl residues arising from the deamination of cytosine and thus plays an important role in DNA repair. However, inspection of the other sequenced S. flexneri strain 2a 2457T shows an intact gene, so this is either a sequencing error or a very recent mutation. Given these observations, we consider it very unlikely that repair deficiencies can account for the relatively high frequency of deleterious change in Shigella. Transient hypermutators may emerge, but these will not necessarily be more virulent (Matic et al. 1997) , and it seems unlikely, though not impossible, that they account for the consistent trends we observe.
Another interesting possibility is that the surfeit of ATenriching changes in Shigella is due to changing mutational pressures in the intracellular environment. Mutation pressure strongly favors AT enrichment (Ochman 2003) , and this may be particularly so for intracellular parasites due to the high abundance of adenine and thymine in the cell cytoplasm (Rocha and Danchin 2002) . Although this may well be a contributory factor, it does not readily explain the general decrease in þAT/þGC over time, nor is it obvious how increasing the mutational pressure toward A and T can explain the strikingly consistent differences in Tv/Ti and dN/dS ratios.
Although alternative explanations can explain some of our results, only reduced purifying selection (and possibly hypermutability) readily account for all of them. As the consistency of our results point to a single primary cause, and we find no evidence for impaired repair in Shigella, we conclude that purifying selection is the major force responsible for the time dependence, and its reduction accounts for the distinct patterns noted in the three Shigella clones. A final ambiguity remains. ''Reduced purifying selection'' is a term encompassing two distinct processes: 1) increased drift owing the inefficient selection (constant s but decreased N e ) and 2) relaxed selection owing to more favorable and predictable conditions (decreased s, constant N e ). In fact, the ecological specialization experienced by Shigella may well have simultaneously reduced N e (due to selective sweeps and a restrictive niche) and s (due to the stable, resource-rich, and predator-free environment of the host cell). Although Wernegreen and Moran (1999) have argued that relaxed purifying selection is unlikely to affect all loci equally, our data cannot convincingly distinguish between these two processes.
Why should transversions and AT-enriching changes be deleterious relative to their counterparts? There is a simple explanation for the former. The observation that no decrease in Tv/Ti over time was noted in 4-fold degenerate sites points to the nonindependence of the relative cost of transversions and amino acid changes. Two-fold degenerate sites at the third codon position are always connected by transitions; therefore, transitions in the all other sites category are more likely to be nonsynonymous than transitions (thus, on average, slightly deleterious and vulnerable to selective removal). Furthermore, nonsynonymous transversions tend to result in less conservative (thus more deleterious) amino acid changes than nonsynonymous transitions (Freeland and Hurst 1998 ). An examination of the data for 19 S. typhi genomes presented by Holt et al (2008) reveals a significant (P , 0.001) surfeit of transversions among recent (intrahaplotype) polymorphisms, although this was not discussed by the authors.
The selective purging over time of AT-enriching polymorphisms is also unsurprising given that the GC content of the genomes is far above that expected at mutational equilibrium (i.e., þAT/þGC is always .1 over the short term). The precise reason why þAT mutations are more likely to be deleterious is less clear but is likely to be multifactorial. Strong AT mutational bias may have deleterious consequences for protein function or increase the metabolic cost of protein synthesis as AT-rich codons tend to correspond to larger, more costly, amino acids (Seligmann 2003) . However, the strong trend in 4-fold degenerate sites also invokes a role for codon usage, mRNA stability, or the preservation of secondary structure to reduce transcription-associated mutagenesis (Hoede et al. 2006) . Whatever the cause, the strikingly close fit to a power law observed between þAT/þGC at 4-fold degenerate sites and dN/dS ( fig. 7) raises the tantalizing possibility of employing the former as an alternative metric of selection independent of amino acid changes.
Finally, for all the time-dependent trends examined (PC1, dN/dS, Tv/Ti, and þAT/þGC), there are consistent differences between the genomes (although these trends are not all independent). Shigella flexneri appears to show the most reduced purifying selection, followed by S. boydii and S. dysenteriae (these two are similar), and finally, S. sonnei is more like E. coli than the other Shigella. It should be noted that this is not a phylogenetic effect, as S. dysenteriae (not S. sonnei) is the most divergent Shigella, being positioned closer to the O157:H7 strains ( fig. 1) (Konstantinidis et al. 2006; Hershberg et al. 2007; Yang et al. 2007; van Passel et al. 2008) . We have therefore succeeded in our primary aim of detecting molecular footprints consistent with reduced purifying selection within three of the four Shigella.
Shigella sonnei remains a curious exception. We note that the recent data of Hershberg et al. on the frequency of gene loss point to S. sonnei adopting an intermediate position between E. coli and the other Shigella. These authors record a total of 255 absent genes in S. sonnei (when compared with E. coli K12), compared with averages of 151 (132-180) and 396 (371-543) in E. coli and the other Shigella, respectively. Possible explanations include a very recent shift to intracellularity in S. sonnei, the maintenance of a large N e and/or high levels of selective constraint (s). Shigella sonnei causes sporadic outbreaks in the developed world, usually associated with contaminated water or food, whereas the other Shigella are more virulent and are endemic or hyperendemic in developing countries (Niyogi 2005) . This epidemiological pattern may signal a higher survival potential of S. sonnei in the environment, possibly facilitated by the adaptation to an environmental host (Jeong et al. 2007 ).
To conclude, we present a novel time-dependent approach to provide evidence for reduced purifying selection within Shigella compared with E. coli, with the notable exception of S. sonnei. More broadly, we show that the frequencies of different polymorphism types change predictably over time as certain types are preferentially purged over their counterparts at a rate likely determined by both s and N e . This highlights the central role of selection, rather than mutation, in determining the nucleotide composition of bacterial genomes and explains the link between a reduced N e and A þ T enrichment in the genomes of intracellular pathogens or endosymbionts (Andersson and Andersson 1999; Moran and Plague 2004; Wernegreen 2005) . Base composition should therefore be considered a product of the relative strengths of mutation bias on the one hand (which will generally lower GC content) and the countering strength of selection on the other. The mitigation of purifying selection following a reduction in N e will therefore lead to the genome approaching mutational equilibrium and, as GC/AT mutations are more common (de novo) than the reverse, this will translate to A þ T enrichment (Ochman 2003; Wernegreen and Funk 2004) .
Finally, the generation of genomewide SNP data through the use of Solexa and 454 sequencing technologies is set to underpin the next major wave of molecular data for bacterial evolutionary studies. Such data sets will be ideal for expanding the current analytical framework to compare the strength of purifying selection between populations, different genes, and different polymorphism types. For example, Holt et al. incorporated a categorical time dependence in their analysis of 19 S. typhi genomes and noted a lower proportion of intergenic mutations (which are less likely to be deleterious) and a high proportion of nonsense mutations (more likely to be deleterious), within the intrahaplotype (very recent) category (Holt et al. 2008 ). Both of these observations are consistent with a particularly weak footprint of selective purification at the very initial stages of diversification.
